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My first impression of forests came from Nordic fairy tales. There were always fascinating stories 

about princesses, small fairies, or giant trolls who lived in forests. As a child, the forest was a 

magical world for me. My interests in forests have never changed, especially when I became a 

researcher. My attraction to forest was still full of happiness, wonderment or sadness, but also 

scientific. The scientific attraction to forest came from the awareness of biodiversity declining 

which has been studied by many researchers.  
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SUMMARY IN SWEDISH 
Behovet av att begränsa klimatförändringarna och att säkra 
energiförsörjningen har lett till en förskjutning av 
energiförbrukningen från fossila bränslen till förnybara 
energikällor, särskilt biomassa, vilket i sin tur medför ökad press på 
ekosystem och biologisk mångfald. I detta sammanhang är skog en 
resurs som alltmer används för flera ändamål, vilka ofta innefattar 
de potentiellt motstridiga målen att utvinna timmer, massaved och 
biobränsle samt bevarande av biologisk mångfald. I Sverige har 
skogsbiobränsle en viktig roll, och en hög produktion av 
skogsbiomassa är ett viktigt mål i samhället ur olika perspektiv. Ett 
mer intensifierat skogsbruk jämfört med dagens trakthyggesbruk, 
inklusive kortare rotationstider och andra åtgärder, skulle kunna 
öka produktionen av biomassa, men skulle samtidigt på grund av 
negativa effekter på skogsstrukturer och ekologiska processer 
kunna inverka negativt på skogens biologiska mångfald.  
Andra former av skogsskötsel, såsom kontinuitetsskogsbruk, skulle 
kunna vara bättre anpassad för att tjäna flera syften, men kan 
resultera i lägre skörd av biomassa. Balansen mellan resurs- och 
energikrav och ekosystemens långsiktiga förmåga att upprätthålla 
den biologiska mångfalden är därför av avgörande betydelse. 
Framför allt bör följderna av förlust, fragmentering och försämring 
av livsmiljöer analyseras på landskapsskala, för att kunna möta de 
krav som mer känsliga arter kan ställa på landskapet. Mot 
bakgrund av detta finns det ett behov av att utveckla metoder och 
verktyg som kan utgöra beslutsstöd för planering och förvaltning 
av skogslandskap, och samtidigt integrera flera hållbarhetsmål. 
Syftet med föreliggande projekt var att öka kunskapen om och 
utveckla metoder och verktyg för en integrerad 
hållbarhetsbedömning för utvinning skogsbiomassa, i synnerhet 
från bioenergi- och biodiversitetsperspektiv. 
För att få en överblick över befintliga modelleringsverktyg för 
integrerad hållbarhetsbedömning inom energi och miljö, gjordes en 
litteraturöversikt över närliggande bedömningsmodeller och deras 
möjligheter att integrera energi- med miljöaspekter, särskilt när det 
gäller markanvändning, landskap och biologisk mångfald. I nästa 
steg skapades ett ramverk för sådan integrerad 
hållbarhetsbedömning för att tillämpas i en fallstudie i Kronobergs 
län i södra Sverige. Ramverket bygger på en landskapssimulator, 
LandSim, som kan simulera skogens tillväxt och skötsel, vars utfall 
länkades till bioenergiavkastning samtidigt som det länkades till en 
ekologisk nätverksmodell. Därigenom kan olika scenarier för 
landskapszonering och skötselmetoder samtidigt länkas till uttag av 
biomassa och till konsekvenser för ekologiska nätverk av betydelse 
för biologisk mångfald på landskapsnivå. 
Skogens tillväxt och skötsel simulerades med hjälp av LandSim i 
fem års tidssteg för perioden 2010-2110. Två scenarier för 
landskapszonering och skötsel analyserades. I den ena scenariot 
(EAF-tot) tillämpades trakthyggesbruk på all skogsmark förutom i 
skyddade områden (3 % av den produktiva skogsmarken), medan i 
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det andra scenariot (CCF-int) tillämpades kontinuitetsskogsbruk på 
27 % av skogsarealen, vilket då tillsammans med skyddade 
områden utgjorde 30 % av skogsmarken, medan på övrig 
skogsmark tillämpades ett intensifierat trakthyggesbruk med 10 år 
kortare rotationstid. Resultaten av simuleringarna var rasterdata 
med trädslag, volym och ålder för varje tidssteg och scenario. 
Utifrån resultaten kunde skördade volymer och potentiell 
bioenergiavkastning beräknas. Dessutom beräknades den 
ekologiska nätverksindikatorn Equivalent Connected Area (ECA) 
för två utvalda modellarter knutna till gammal grandominerad skog 
respektive till ädellövskog. Deras krav på habitatstorlek och 
konnektivitet ansågs representera viktiga strukturer för biologisk 
mångfald på landskapsnivå. 
Resultaten från litteraturgenomgången visade att existerande 
modelleringsverktyg för integrerad hållbarhetsbedömning av 
energi- och miljöaspekter i relativt låg omfattning tog med 
påverkan på markanvändning, landskap och biologisk mångfald, 
jämfört med det stora engagemanget i påverkan på ekonomi, 
klimatförändringar och utsläpp av växthusgaser. Följaktligen 
verkar befintliga verktyg inte räcka till för att integrera viktigaste 
frågor kring förnybar energi i hållbarhetsbedömingar. Dock finns 
det en stor potential när det gäller möjligheter att länka dessa 
verktyg till multikriterieanalys och till rumsliga ekologiska modeller 
för att överbrygga detta.   
Resultaten från fallstudien av Kronoberg visade att scenario EAF-
tot förväntades ge mycket högre uttag av biomassa och därigenom 
bioenergi jämfört med scenario CCF-int, medan CCF-int gav 
jämnare avkastning under årens lopp. När det gällde ECA-
indikatorerna så tycktes CCF-int ge bättre resultat än EAF-tot, 
men de olika antagandena när det gäller habitatens lämplighet vid 
CCF speglar stora osäkerheter i denna fråga och gav skilda resultat. 
Dessutom innehöll både den rumsliga fördelningen av olika 
skötselåtgärder samt fördelningen av lämpligt habitat en 
slumpmässig komponent, som ökar osäkerheterna i resultaten. 
Resultaten tyder ändå på att för barrskogslevande arter kan ECA 
vara större enligt CCF-int-scenariot, om ungefär 50 % av ytan som 
sköts enligt CCF utgör lämplig livsmiljö. För modellarter knutna 
till ädellövskog, så var livsmiljöerna i allmänhet var små och 
fragmenterade med låga ECA-värden, stödda av skyddade 
områden, även om CCF-int-scenariot verkade fungera bäst. För att 
stödja modellarternas livsmiljöer på landskapsnivå, skulle 
skogsbruket behöva planera för att låta större och mer 
sammanhängande områden att utvecklas till lämpliga livsmiljöer. 
Ramverket för att länka modeller som kan simulera landskapets 
planering, skötsel och utveckling, till ekologiska nätverksmodeller, 
är en framkomlig väg för integrerad hållbarhetsbedömning. Det 
ger möjlighet att länka skörd av biomassa för bioenergi till 
ekologiska strukturer som är viktiga för biologisk mångfald på 
landskapsnivå, vilket framgick av fallstudien. Synergier och 
avvägningar kan lokaliseras, kvantifieras och diskuteras, och 
konstruktiva lösningar för skogsförvaltning på en landskapsskala 
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kan utvecklas. Dock behöver ytterligare kunskap utvecklas kring 
olika typer av skogsskötsel och skogens lämplighet som livsmiljö, 
vilket är starkt kopplat till mängden gamla träd och död ved som 
lämnas kvar. Osäkerhetsanalyser behöver utvecklas mer och därtill 
en starkare länkning mellan modellerna. En annan typ av 
utmaningar gäller olika intressenters delaktighet och fördelning av 
nytta när det gäller att uppfylla hållbarhetsmål. Sammantaget har 
ändå det tillämpade ramverket för modellering stor potential som 
ett beslutsstödsverktyg för att bedöma framtida energiscenarier 
och strategier för zonering i landskapet, för att integrera viktiga 
hållbarhetsfrågor i bedömningar av alternativ för förnybar energi. 
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ABSTRACT 
The need to mitigate climate change as well as to secure the supply of energy 
has led to a shift in energy consumption from fossil fuel to renewables, 
especially biomass, which in turn puts increasing pressure on ecosystems and 
biodiversity. In this context, forest is a resource that is increasingly utilised for 
multiple purposes, which often include the potentially conflicting goals of 
timber, pulp and biomass extraction and biodiversity conservation. In Sweden, 
forest bioenergy has an important role, and high forest biomass production is 
an important societal objective from different perspectives. Intensified 
forestry, including shorter rotation times and other measures, could increase 
the biomass production, but, due to negative effects on forest structures and 
ecological processes, it could be detrimental to forest biodiversity. Other forms 
of forest management, such as continuous cover forestry, could be better 
adapted to serve multiple purposes but may result in lower biomass yields. The 
balance between resource and energy demands and the long-term capacity of 
ecosystems to support biodiversity is therefore crucial. In particular, the 
consequences of habitat loss, fragmentation and degradation should be 
addressed on a landscapes scale in order to embrace the demands of sensitive 
species. In view of this, there is a need to develop methods and tools that can 
provide decision support for planning and management of forest landscapes, 
integrating multiple sustainability goals. The aim of this project was to increase 
the knowledge on and to develop methods and tools for integrated 
sustainability assessment of forest biomass extraction, in particular from 
bioenergy and biodiversity perspectives. 
In order to get an overview of existing modelling tools for integrated energy-
environment assessment, a literature review was conducted on related 
assessment models and their ability to integrate energy with environmental 
aspects including land use, landscape and biodiversity. In the next step, a 
modelling framework was set up and applied in a case study in Kronoberg 
County in southern Sweden, linking the landscape simulator LandSim to an 
ecological network model, with the purpose to enable integrated assessment of 
bioenergy feedstock and biodiversity related impacts. Forest growth and 
management was simulated using LandSim, in 5 year time steps for the period 
2010-2110. The management was following two land zoning scenarios, one 
applying even-aged forestry on all forest land except for protected areas (EAF-
tot), and one was applying continuous cover forestry on parts of the forest 
land, combined with protected areas and a shorter rotation time on the other 
parts (CCF-int). The outcome of the simulations was raster data on tree 
species, volume and age for each time step and scenario. From the outcome, 
harvested volumes and bioenergy feedstock were derived. In addition, the 
ecological network indicator Equivalent Connected Area (ECA) was derived 
for two selected model species tied to old coniferous and southern broadleaved 
forest, respectively. Their demands on habitat size and connectivity were 
considered to represent prioritised biodiversity components on a landscape 
scale. 
The results from the literature review showed that modelling tools for 
integrated energy-environment assessment had relatively low concerns about 
land use, landscapes and biodiversity, compared with the high concerns about 
energy economics, climate change and greenhouse gas emissions. 
Consequently, it would be difficult to provide comprehensive decision support 
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on sustainable energy options by using only these tools. However, existing 
ecological assessment models and multi-criteria approaches would provide 
great potential for linking with suitable energy models. The results from the 
case study of Kronoberg showed that the EAF-tot scenario implied much 
higher potential yields of biomass and related bioenergy than the CCF-int 
scenario, while the CCF-int scenario displayed more even yields over the years. 
By contrast, the CCF-int scenario performed substantially better than the 
EAF-tot scenario when it comes to the ECA indicators. However, the CCF-int 
scenario involved a range of assumptions mirroring uncertainties on habitat 
suitability, which yielded separate results. In addition, both the management 
scenarios and the assignment of habitat suitability involved a random 
component, which added to the uncertainties. Yet, the results indicated that for 
coniferous forest, the ECA would be higher under the CCF-int scenario, 
especially if around 50% of the area under CCF management would become 
suitable habitat. For model species tied to southern broadleaved forest, the 
habitat in general was small and fragmented with low ECA values, highly 
dependent on protected areas, even if the CCF-int scenario seemed to perform 
best. In order to support the model species and related biodiversity 
components, the forest management would need to allow larger areas to 
become suitable habitat, as well as to plan for connectivity on landscape scale 
in order to not only increase habitat size but also ECA.  
Conclusively, the modelling framework linking the landscape simulator with 
the ecological network model could be used for integrated sustainability 
assessment of bioenergy options, as demonstrated by the case study. Synergies 
and trade-offs could be localised, quantified and discussed, and constructive 
solutions for forest management on a landscape scale could be derived. Future 
challenges will involve reducing certain knowledge gaps on habitat suitability, 
further strengthening the uncertainty analysis and developing a stronger linking 
between the models. Another type of challenge concerns the stakeholder 
involvement and benefit-sharing when it comes to fulfilling sustainability goals. 
Still, the applied modelling framework would have great potential as a 
comprehensive decision support tool for assessing future energy scenarios, 
integrating main policy concerns when assessing renewable energy options.  

Key words: Forestry, Bioenergy, Biodiversity, Energy modelling, Trade-
offs, Integrated sustainability assessment 

Introduction 
The need to mitigate climate change as well as to secure the supply 
of energy has led to a shift in energy consumption from fossil fuel 
to renewables, especially biomass, which in turn puts increasing 
pressure on ecosystems and biodiversity. In this context, forest is a 
resource that is increasingly utilised for multiple purposes, which 
often include the potentially conflicting goals of timber, pulp and 
biomass extraction and biodiversity conservation. Since both 
climate change and biodiversity loss are issues of highest policy 
concern today (CBD, 2010, IPCC, 2014, Rockström et al., 2009, 
EU, 2009), integrated sustainability assessment of renewable 
energy options needs to take these into account simultaneously.  
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To limit the increase in temperature to 2 °C as targeted by the 
IPCC, emissions of greenhouse gases (GHG) worldwide need to 
be halved by 2050 and to be close to zero by 2100 (IPCC, 2014), 
which puts high expectations on renewable energy sources. 
According to the EU Directive on Renewable Energy 
2009/28/EC (EU, 2009), 20% of the energy consumption in the 
European Union should come from renewable energy sources by 
the year 2020. All EU countries must also ensure that at least 10% 
of their transport fuels come from renewable sources by 2020. 
Furthermore, in the EU Energy Roadmap 2050, renewables would 
be dominating among energy sources for the EU countries in the 
future, according to the scenario analyses (EC, 2011a). 
In the past decades, policies for climate change mitigation as well 
as for other environmental issues has been formulated in Sweden, 
such as promoting the development of renewable energy sources 
in order to replace fossil fuels. For instance, the Swedish 
Government has adopted 16 environmental quality objectives that 
should guide policy and planning (Govt. prop. 1997/98:145 and 
2004/05:150), and one of those is “Reduced climate impact”. 
Moreover, the Swedish government proclaimed a target of 49 % 
renewable energy sources to be reached by 2020 (EU, 2009), while 
in the Swedish National Renewable Energy Action Plan, the 
ambitions concerning renewable energy sources were raised to 50 
% of the final energy consumption (Government_Offices, 2010). 
According to the plan, biomass will contribute 59.2% of the total 
renewable energy consumption in 2020 which equals to 30% of 
the final energy consumption. In addition, the Swedish Parliament 
has declared that the vehicle fleet should be independent of fossil 
fuels by 2030 (IEA, 2014a) and adopted a vision for Sweden of 
zero net emissions of greenhouse gases by 2050  
(Ministry_of_the_Environment_Sweden, 2014). 
Today, 31% of the final energy consumption in Sweden still 
depends on fossil fuels. To fulfil the aim of zero GHG emissions 
by 2050, at least 120 TWh from fossil-free energy sources would 
be needed to replace the same amount that would otherwise rely 
on fossil fuels (SEA, 2015a). In 2013, bioenergy surpassed oil to 
become the biggest energy supplier which accounted for 34% of 
all Sweden’s domestic energy consumption. Two other main 
sources for fossil-free energy in Sweden are hydropower and 
nuclear power, which together accounted for 29%, slightly more 
than the oil consumption which was 26% of the final energy use 
(SEA, 2015a). 
However, Swedish energy policy today restricts the expansion of 
nuclear power and plans for phasing it out (SEPA, 2011). 
Concerning hydropower, much of the economically viable 
hydropower in Sweden has already been developed, while most of 
the unexploited larger rivers and streams in Sweden are protected 
by law (SEPA, 2009). Hydropower comes with several 
environmental impacts and potential goal conflicts, such as with 
the EU Water Framework Directive (2000/60/EG), which have 
recently been investigated (SOU, 2014) and is under debate. In 
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view of these restrictions, the increasing energy demand together 
with high expectations on energy sources to be GHG neutral, 
much emphasis seem to instead be put on strategies for increasing 
the use of bioenergy (FORMAS, 2012, EC, 2012)). 
Among the strategies for the development of renewable energy 
sources, forest bioenergy has been playing an important and 
increasing role (de Jong et al., 2012), and today about 85% of all 
bioenergy in Sweden comes from forest (IEA, 2014a). According 
to the Swedish National Forest Inventory, in 2013 Sweden’s total 
land area was 40.8 million hectares, within which 23.1 million 
hectares were productive forests and 4.4 million hectares were 
protected forests. The productive forest area was reported to 
account for 57% of the total land area (Skogsstyrelsen, 2013). 
When the forest exploitation increased in the 19th century in 
Sweden, the main focus was on the extraction of big timber 
(Östlund and Roturier, 2011), while during the 20th century, even-
aged forestry (EAF) with clear-cutting and regeneration was 
broadly adopted as a practice of using forest in an industrial way 
(Lundmark et al., 2013). This type of forest management is still 
dominating in Sweden today. 
Despite the already intensive forest management for timber and 
pulp extraction, the incentives for increasing green electricity and 
biofuels may lead to even more intensified forest management 
practices in order to increase the supply of domestically produced 
bioenergy in Sweden. Such intensified forest management practices 
may include shorter rotation times, forest fertilization and other 
measures, which could increase the biomass production but may 
have detrimental environmental impacts (Lindkvist et al., 2011, 
IEA, 2014a, Lidskog et al., 2013, Larsson et al., 2009). Such 
environmental impacts from increased forest biomass extraction 
may include acidification, eutrophication, leakage of toxic 
substances and biodiversity impacts, which would affect several of 
the Swedish environmental quality objectives (de Jong et al., 2012). 
Due to negative effects on forest structures and ecological 
processes, a more intensive industrial forestry could be detrimental 
to forest biodiversity. In particular, old growth forest with dead 
wood is seen as highly valuable habitat in terms of storing 
biodiversity, while unsustainable forest management and 
fragmentation are among the major threats to Europe's forest 
biodiversity (EEA, 2010). 
As pointed out by Jasanoff and Jasonoff (2003), new technologies 
bring unquestioned benefits but they also generate new 
uncertainties, failures and unforeseen consequences. The history of 
Swedish forestry shows that forest management and new 
techniques have been driven mainly by economic concerns and 
lately by climate change mitigation, but it also need to take other 
issues, such as ecosystem services and biodiversity, into account. 
In line with this, the Swedish forest policy from 1993 stated that 
production and environmental objectives should have equal 
weights in the management of the forest (Prop. 1992/93:226; SFS 
1979:429). A management regime called retention forestry was 
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introduced, which is applied in harvest operations on all 
production forests in the country, where about 5-10% of the stand 
area is retained (Gustafsson et al., 2012). One important function 
of retention forestry is to enrich structural diversity in the 
developing stand by e.g. increasing the amount of old living trees 
and dead wood (Franklin et al., 1997, Kruys et al., 2013). 
Other ways of land zoning in forestry has been discussed, as well 
as other forms of forest management than EAF, in order to better 
fulfil multiple sustainability goals within forestry. One such 
management regime is called Continuous Cover Forestry (CCF), 
which involves a selective harvesting method that aims at 
maintaining the forest canopy without clear-cutting (Pommerening 
and Murphy, 2004). Thereby the forest development does not 
follow the cyclic pattern of clear-cutting and re-planting of the 
EAF, and mature and old trees can be retained throughout. From 
an ecological perspective, CCF may better promote ecological 
objectives because these forests can support species that depend 
on forest continuity, but the ecological performance of such 
forestry methods on wider spatial and temporal scales is still not 
well examined (Jonsson et al., 2005, Kuuluvainen et al., 2012). 
Thus CCF could be better adapted to serve multiple purposes, but 
may result in lower biomass yields. The balance between resource 
and energy demands and the long-term capacity of ecosystems to 
support biodiversity is therefore crucial. In particular, the 
consequences of habitat loss, fragmentation and degradation 
should be addressed on a landscape scale in order to embrace the 
demands of sensitive species. 
In this context, there is a need for cross-disciplinary cooperation as 
well as for methods and tools that can link energy and climate 
issues with environmental impacts of renewable energy options. A 
range of policy analysis tools exist for analysing the energy system, 
linking energy supply and/or demand, some to economy and some 
to certain environmental impacts, particularly regarding air quality 
and climate change (EC, 2011a, Fragkos et al., 2013, Klimont et al., 
2013, Reis et al., 2012, Wagner et al., 2013), as well as to resource 
use and emissions (Felten et al., 2013, Stow et al., 2012). However, 
existing analytical tools within the energy sector mainly deal with 
environmental impacts related to emissions, while tools for 
analysing impacts on ecosystems and landscapes are largely missing 
(Finnveden et al., 2003). At the same time, tools that address 
biodiversity, ecosystems and landscapes relative to e.g. land use 
change are common, with a great potential for analysing such 
interactions (Alkemade et al., 2009, Gontier et al., 2006, González 
del Campo, 2012, Mörtberg et al., 2007, Segan et al., 2011, 
Zetterberg et al., 2010). Such models have a spatial dimension and 
can therefore localise and quantify impacts of land use change, 
imposed by e.g. renewable energy plantations and infrastructure, 
on biodiversity and ecosystems on landscape and regional levels. 
Linking such models will make it possible to bridge energy-
environmental assessment gaps concerning renewables. This will 
enable the development of more comprehensive decision support 
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tools for assessing future energy scenarios, integrating main policy 
concerns when assessing renewable energy options.  

Problem statement and research questions 
Bioenergy is increasingly being seen as a sustainable energy source; 
however there are both positive and negative impacts from its 
extraction and use. The potential goal conflicts between climate 
change mitigation through increased use of forest bioenergy, 
industrial wood production and biodiversity are increasingly being 
recognized in policy making. In order to enable integrated 
management approaches to the complex interactions in this system 
it is necessary to consider interactions and potential impacts, 
instead of using a conventional linear approach with each sector 
operating through independent silos. Models developed for policy 
assessment within independent research areas could be integrated 
in order to achieve a systematic and holistic analysis and 
assessment of bioenergy options. A main challenge for integrated 
sustainability assessment is to link the analysis on prioritised 
biodiversity components that forest bioenergy extraction may 
affect, and to analyse trade-offs between bioenergy and 
biodiversity related issues.  
The research attempts to answer the following questions: 

• What is the state-of-art in modelling environmental impacts 
of renewable energy policy? 

• What is currently missing in sustainability assessment of 
forest bioenergy options? 

• How can landscape simulation tools and ecological network 
models be linked for an integrated sustainability 
assessment? 

Aim and objectives 
The overall aim of the research was to develop methods for 
integrated sustainability assessment of forest bioenergy options. 
The specific targets were to: 

• Investigate how current broadly used energy models deal 
with environmental impacts and what environmental issues 
are addressed (Paper I). 

• Link ecological models with energy production potential to 
make assessment of forest bioenergy impact on 
biodiversity, with a case study at Kronoberg in Sweden 
(Paper II). 

Thesis structure 
The research has produced two scientific papers which are 
attached in the appendix of the thesis. The thesis describes the 
methodology of the whole project, the results of the literature 
review and of the individual papers, followed by a discussion on 
the results and methodologies, and concluding remarks as well as 
ideas for future research.  
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The research comprised a literature review on the topics 
bioenergy, forest bioenergy, forestry and its environmental impacts 
as well as on methods for integrated sustainability assessment. The 
latter included a literature review on existing energy models which 
are broadly used for current energy policy making in EU. The 
study results concerning the energy models were published in a 
scientific journal paper (Paper I). The second step was to model 
the impacts of forest bioenergy options on selected biodiversity 
components under two alternative forest management scenarios. 
This study is presented in Paper II.  

Methods 
The methodology consisted of a literature review in order to 
summarise current research on bioenergy, forestry, and 
environmental impacts of forest management regimes, as well as 
methods for integrated sustainability assessment of renewable 
energy options. In addition, a trade-off analysis of bioenergy 
potential and biodiversity-related impacts was performed. This was 
done through a simulation of forest and landscape development 
under different land zoning scenarios and related management 
regimes. Based upon this, bioenergy feedstock was estimated, and 
an assessment was performed of the dynamic changes of habitat 
amount and connectivity for two model species 

Literature review 
A literature review was performed in order to compile a State-of-
the-Art on bioenergy, forestry, environmental impacts of forest 
management regimes, as well as integrated sustainability 
assessment of renewable energy options, which included energy 
related modelling tools. The literature review on energy related 
modelling tools resulted in a published journal paper (Paper I). 
In order to get an overview of energy related models and their 
potential for integrated assessment (Paper I), the research was 
carried out in three steps. First, a literature review was conducted 
concerning modelling tools that are potentially useful for 
addressing energy policy and its environmental impacts in an 
integrated assessment. The questions posed in this review were: 

• Which aspects have been concerned in energy models? 
• Which aspects have been concerned in models addressing 

biodiversity and ecosystem services related to land use? 
• Are there any potential linkages between energy models and 

ecological assessment? 
Second, a survey on energy related publications and their research 
scopes was performed through searches in the scientific literature 
database Scopus. In order to achieve a broad overview of 
publications on energy-related analysis within both energy and 
environmental areas, we started by using all journal sources in 
Scopus and applying “energy model” as the keyword and “energy” 
and “environmental science” as research area limitation. Then, we 
narrowed down the sources to two selected journals, “Energy” and 
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“Energy Policy”, which focus on energy-related publications, to 
specifically address the environmental-related research within 
energy analysis. For the analysis, the specific issues for 
environmental assessment defined in the EU SEA Directive were 
used as a checklist. The questions addressed in the second step 
were: 

• How many energy-related publications in the whole database 
concerned climate change, land use, landscape and 
biodiversity, respectively? 

• How are these specific issues for environmental assessment 
addressed in two energy-related journals? 

Third, as EU’s most comprehensive energy plan, the EU Energy 
Roadmap 2050 and its related impact analysis reports were 
reviewed to determine which environmental impacts were 
considered. The following questions were addressed during the 
review: 

• What impacts were considered in the analyses of the EU 
Energy Road Map 2050?  

• What models were used for the impact analysis?  
• What impacts that are covered by the SEA framework were 

not included or appropriately addressed in the EU Energy 
Road Map 2050? 

Trade-off  analysis between bioenergy and biodiversity 
To develop methods for assessing the sustainability of forest 
bioenergy options, a case study of Kronoberg County was selected 
(Figure 1, Paper II). It covers 9,424 km2, of which 66% of the total 
area is covered with forest (78% of the land area), compared to the 
whole country of Sweden where around 52% of the total area 
(70% of the land area) is forest. Kronoberg County is situated in 
the hemi-boreal zone in southern Sweden and is dominated by 
coniferous forest, often mixed with deciduous trees. The land use 
in the County is dominated by forestry and agriculture with 
relatively small urban and industrial areas, and the share of 
privately owned forest land is high, around 80 %. Therefore, forest 
management is of high interest in the region. 
The forest related environmental objectives for the County 
promote old forest, especially deciduous, as well as hard dead 
wood in the forest. But according to SEPA (2014), the regional 
environmental quality objectives for forest in Kronoberg County 
are not likely to be met by the year 2020. This was considered to 
be due to the low levels of environmental concerns in the 
increasingly intensive forest management, as well as of other 
biodiversity conservation measures. For instance, significant forest 
areas with high biodiversity values and red-listed species in the 
County were not protected. According to the Swedish Red List 
2010, the proportion locally extinct of the red-listed species in 
Kronoberg County is 16.5 %, which is among the highest rates of 
the counties in Sweden (Gärdenfors, 2010). In relation to this, it 
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has been pointed out that new planning and decision support tools 
and instruments may be needed for reaching main sustainability 
objectives (SEPA, 2014).  

  
Figure 1. The study area embraced Kronoberg County 
(spatial data © Lantmäteriet [I2014/00591]). 
 
For the modelling, forest data on timber volume by tree species, 
age and height was used (SLU, 2013a). This data is based on a 
conjunct processing of satellite imagery (Landsat TM and Spot) 
and field data from the Swedish National Forest Inventory (Reese 
et al., 2003). Land cover and topographic data were obtained from 
(Lantmäteriet, 2013a, Lantmäteriet, 2013b). Data on protected 
areas and areas of national interest for nature conservation, 
cultural and recreational values  (SNBH, 2013, SEPA, 2006) were 
retrieved from CAB (2013). Data on areas of high biodiversity 
value, defined as part of a green infrastructure on national level but 
not necessarily protected, was retrieved from SEPA (2012). 

Simulation of landscape development 
In order to simultaneously explore effects of different land zoning 
policies and related forest management regimes on bioenergy and 
prioritised biodiversity components, the landscape simulation 
model LandSim was developed to simulate possible future 
development scenarios of the study area and its forest (Paper II). 
The EAF-tot scenario was based on EAF, where the forest was 
divided into management stands, based on the properties of the 
forest and of the site. Each stand was managed according to a 
cycle of clear-cutting, regeneration, cleaning, thinning, and again 
clear-cutting and so on. In the EAF-tot scenario, EAF was applied 
to all forest areas that were not formally protected (3 % of the 
productive forest land). For the EAF-tot scenario, a sub-scenario 
was developed, EAF-tot/r, with 5 % retention, which means that 5 
% of the area set out for final felling in each time step was not 
felled, but retained. These areas were selected randomly.  
The CCF-int scenario was based on the land zoning principle that 
30 % of the landscape should be dedicated to protected areas and 
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to low-intensive, multi-purpose CCF forestry, while the remaining 
landscape should be subject to more intensive forestry for 
increasing bioenergy feedstock, using 10 years shorter rotation 
time. We made three assumptions for the area under CCF, 
concerning possibly suitable habitat: a) that 100 % of the areas 
with this treatment was suitable habitat, i.e. had old trees; b) that 
50 % of the area with this treatment was suitable habitat, and c) 
that 25 % of the area with this treatment was suitable habitat. 
LandSim can simulate the development of the forest in the 
landscape in terms of forest growth and management, the latter in 
terms of thinning, clear-cutting and no action. The consequences 
of the two management regimes were described in form of raster 
data by four different variables, in 5 year time steps over a 100 
years period:  

1. Site productivity (4 classes), 
2. Dominating tree species (8 classes), 
3. Forest age (33 classes), 
4. Timber volume (10 classes). 

From the output of the simulations with LandSim, in each time 
step and scenario, potential bioenergy feedstock was estimated and 
ecological network indicators were calculated for two model 
species tied to old forest.  

Estimation of bioenergy feedstock 
From the removed volumes, the potential bioenergy feedstock was 
estimated, by predicting the expansion from stem volume into to 
dry weight of each tree component, which was then summed up. 
For this purpose, Eq. 1 was fitted using linear regression and was 
applied for the bioenergy feedstock of the different tree species:  

     Eq. 1 
where Wi is the dry weight of tree component i, while t is stand age 
and V is the stem volume. The coefficients ai and bi are shown in 
Table 1. The functions for predicting the expansion from stem 
volume into dry weight for each tree component were derived 
from (Lehtonen et al., 2004). 
 
Table 1: Parameters for dry weight calculation (Lehtonen et 
al., 2004). 
Tree components (i) 

 

Pine stands Spruce stands Broadleaved stands 
a b a b a b 

Foliage 0.0177 0.0499 0.0388 0.0849 - - 
Branches 0.0706 0.0212 0.0905 0.0719 0.1011 -0.0180 
Branches, dead 0.0104 0.0059 0.0088 0.0040 0.0053 0.0082 
Bark 0.0254 0.0221 0.0353 0.0125 0.0588 0.0105 
Stump 0.0472 -0.0039 0.0488 0.0044 - - 

Ecological networks of model species 
The ecological network assessment started with a definition of 
habitat suitability for two model species, representing prioritised 
ecological profiles. Two model species selected for the assessment, 
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both resident bird species dependent on old forest; the three-toed 
woodpecker (Picoides tridactylus) that tied to spruce-dominated 
coniferous forest, and the middle spotted woodpecker (Dendrocopos 
medius) that is tied to southern broadleaved forest. Suitable habitat 
for each model species across the study area was derived and an 
ecological network analysis was performed, for the baseline 
situation as well as for the two scenarios.  
In order to assess the habitat amount and connectivity for certain 
species within a certain landscape and time, an ecological network 
analysis can be performed, based on graph theory (Saura and 
Rubio, 2010, Pascual-Hortal and Saura, 2006). A graph is a set of 
nodes (patches) and links (connections), while loss of nodes 
and/or links may or may not cause a graph component (connected 
region) disconnection. In the current study, the Equivalent 
Connected Area (ECA) index was used since it takes into account 
both the amount of habitat within the patches and the connectivity 
among them. ECA builds on the probability of connectivity and 
relates the connectivity changes to the amount of available habitat 
(Saura et al., 2010). It is defined as the size of a single habitat 
patch, maximally connected, that would provide the same value of 
the probability of connectivity as the actual habitat pattern in the 
landscape (Saura et al., 2010). It is calculated as: 

     Eq. 2 

where ai and aj are the area of the habitat patches i and j, and p*ij is 
the maximum product probability of all the possible paths between 
patches i and j. ECA has an area unit which makes it relatively easy 
to interpret, since it represents changes in the available habitat 
area. ECA was calculated for both the model species in each 
scenario and time step. 

Results and discussion 
The literature review embraced the topics of forest bioenergy, 
forestry in Sweden and related environmental impacts, in particular 
biodiversity impacts. Also available methods and tools for 
integrated assessment of renewable energy options were 
summarised. Lastly, the results from the modelling of bioenergy 
and biodiversity trade-offs were reported and discussed. 

Bioenergy and forest bioenergy 
In order to limit the increase in temperature to 2 °C as targeted by 
the IPCC, emissions of GHG worldwide need to be halved by 
2050 and to be close to zero by 2100 (IPCC, 2014). This puts a 
main focus on increasing the share of renewable energy sources. 
According to the EU Renewable Energy Directive (2009/28/EC), 
20% of the energy consumption in the European Union should 
come from renewable energy sources by the year 2020. All EU 
countries must also ensure that at least 10% of their transport fuels 
come from renewable sources by 2020. Furthermore, according to 
the scenario analysis in the EU Energy Roadmap 2050, renewables 
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would be the dominating energy source for EU countries in the 
future. In the “high renewables” scenario in the EU Energy 
Roadmap, it might account for as much as 75% of the total energy 
consumption in 2050 (EC, 2011a). 
By the late 1980s, and in particular since the Kyoto Protocol in 
1997, climate change mitigation began to emerge as a major 
concern of Swedish environmental policy. Climate policy was 
separated from the other areas of environmental policy and 
specially treated. Among the 16 environmental quality objectives 
adopted by the Swedish Government (Govt. prop. 1997/98:145 
and 2004/05:150), that should guide policy and planning, one is 
called “Reduced Climate Impact”. It is described as:  
“In accordance with the UN Framework Convention on Climate Change, 
concentrations of greenhouse gases in the atmosphere must be stabilized at a 
level that will prevent dangerous anthropogenic interference with the climate 
system. This goal must be achieved in such a way and at such a pace that 
biological diversity is preserved, food production is assured and other goals of 
sustainable development are not jeopardized. Sweden, together with other 
countries, must assume responsibility for achieving this global objective.” 
(Govt. prop. 1997/98:145 and 2004/05:150) 
EU's Renewable Energy Directive sets a binding target of 20 % 
final energy consumption from renewable sources by 2020, while 
the EU countries have committed to reaching their own national 
targets for renewables, which for Sweden was set to 49% (EU, 
2009). Moreover, in the Swedish National Renewable Energy 
Action Plan, the ambitions concerning renewable energy sources 
were raised to 50 % of the final energy consumption 
(Government_Offices, 2010). According to the plan, biomass will 
contribute with 59.2 % of the total renewable energy consumption 
in 2020 which equals to 30 % of the final energy consumption. In 
addition, the Swedish Parliament has declared that the vehicle fleet 
should be independent of fossil fuels by 2030 (IEA, 2014b) and 
adopted a vision for Sweden of zero net emissions of GHGs by 
2050 (Ministry_of_the_Environment_Sweden, 2014). 
Sweden has fairly low emissions of carbon dioxide from electricity 
generation thanks to the big input from hydropower and nuclear 
power for most of the electricity generation. In 2013 (Figure 2), 
those two “fossil-free” energy sources together accounted for 29 
%, slightly more than the oil consumption which was 26 %, of the 
final energy use (SEA, 2015b). However, in relation to the lessons 
from nuclear power incidents and disasters such as Three Mile 
Island accident in 1979 and the Chernobyl catastrophe in 1986, 
today’s Swedish energy policy restricts the expansion of nuclear 
power and plans for phasing it out (SEPA, 2011). Concerning 
hydropower, much of the economically viable hydropower in 
Sweden has already been developed, while most of the unexploited 
larger rivers and streams in Sweden are protected by law (SEPA, 
2009).  Hydropower comes with several environmental impacts 
and potential goal conflicts, such as with the EU Water 
Framework Directive (2000/60/EG), which have recently been 
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investigated (SOU, 2014) and is under debate. Most environmental 
mitigation measures for hydropower require flow modifications to 
encourage sustainable water use and improvement of welfare for 
water ecosystems, which implies reduced power production in 
Sweden (Renöfält et al., 2010). 
 

34%

14%

2%1%

15%

26%

5% 3%

Bioenergy: 130.2 TWh

Hydro power: 55.2 TWh

Wind power: 9 TWh

Heat pumps: 4.8 TWh

Nuclear power: 57.8 TWh

Oil: 102.5 TWh

Coal: 18.7 TWh

Fossil gas: 9.7 TWh

Figure 2. Final domestic energy use in 2013 Sweden (Hektor 
et al., 2014). (Data from SEA, 2015b). 
 
In view of these restrictions, the increasing energy demand 
together with high expectations on energy sources to be GHG 
neutral, much emphasis seem to instead be put on strategies for 
increasing the use of bioenergy, e.g. the strategy for a bio-based 
economy (EC, 2012, FORMAS, 2012). Still, 31 % of the final 
energy consumption in Sweden today depends on fossil fuels. To 
fulfil the aim of zero GHG emissions by 2050, at least 120 TWh 
from fossil-free energy sources would be needed to replace the 
same amount that would otherwise rely on fossil fuels (SEA, 
2015a). In 2013, bioenergy surpassed oil to become the biggest 
energy supplier which accounted for 34 % of all Sweden’s 
domestic energy consumption (Figure 2). Among the strategies for 
the development of renewable energy sources, forest bioenergy has 
been playing an important and increasing role (de Jong et al., 
2014), and today about 85 % of all bioenergy in Sweden comes 
from forest (IEA, 2014a).  
Burning forest biomass actually contributes to climate change for 
decades until replacement trees fully grow back (Armaroli et al., 
2013). Although many researchers and NGOs question about its 
carbon-neutral performance (Zanchi et al., 2014, Bracmort, 2013), 
bioenergy is still being regarded by many countries as an efficient 
measure to deal with climate change (EC, 2011a). In 1991, Sweden 
introduced a tax on carbon dioxide emission from fossil fuels, as a 
complement to the general energy tax, and the tax was later 
gradually increased (SEPA, 2011). Bioenergy was exempted from 
both energy tax and carbon dioxide tax (Riksrevisionen, 2011). 
The Parliament also offered grants for projects about using 
bioenergy (SEA, 2009). Due to the taxation and investment grants 
for encouraging renewables, bioenergy utilization was greatly 

13 



Xi Pang TRITA LWR LIC 2015:03 

 

stimulated. The biggest expansion happened in the district heating 
sector (SEA, 2009). Statistic from the Swedish Energy Agency 
shows that from 1970 to 2013, energy consumption for the district 
heating changed from 98% fossil fuel sources to 88 % bioenergy 
sources (SEA, 2015b). The supply of bioenergy was also strongly 
stimulated by the Electricity Certification System which came into 
force on the 1st of May 2003 (SEA, 2013). It is a market-based 
economic instrument intended to increase the production of 
renewable electricity as well as the cost-efficiency of the 
production (SEA, 2013). When the electricity certification system 
just started in 2003, 4.2 TWh of electricity was generated from 
biomass. In 2011, the number changed to 10.3 TWh and in 2013 
to 4.7 TWh due to the rapid increase of wind power (SEA, 2015b).  
The increasing use of bioenergy was not just taking place in district 
heating and electricity production, but also in the industrial and 
transport sectors. Bioenergy use in industry increased  from 21% 
in 1970 to 38% in 2013 (SEA, 2015b). In the transport sector, the 
government has launched several incentives to encourage biofuel-
powered vehicles. The city of Stockholm implemented congestion 
tax from 2007 while flexible-fuel vehicles were exempted from the 
tax (Eliasson, 2014). From 2009, environmental friendly vehicles 
are exempted from motor vehicle tax for a period of five years 
(OECD, 2014). Since biofuel vehicle was introduced by the end of 
1980s, biofuel use in the transport sector has increased to 8.4 TWh 
in 2013 which account for 10% of total energy use in the transport 
sector (SEA, 2015b). As a result of bioenergy expansion in all 
these sectors, bioenergy consumption has kept increasing 
significantly till in 2013 it surpassed oil became to be the biggest 
energy supplier for the whole country (SEA, 2015b, Hektor et al., 
2014). 
The increasing demand for bioenergy in Sweden may though need 
careful sustainability assessment. Despite the already intensive 
forest management for the supply of domestically produced 
bioenergy, the increasing demand may imply new forest 
management practices to increase feedstock supply for producing 
more bioenergy in Sweden. However, also forest bioenergy comes 
with environmental impacts and related potential goal conflicts 
that need to be taken into account in policy and planning (de Jong 
et al., 2014). 

Forest management in Sweden 
According to the Swedish National Forest Inventory (SLU, 2015), 
in 2013 Sweden’s total land area was 40.8 million hectares, of 
which 4.4 million hectares were protected. Of the total land area, 
57 % or 23.1 million hectares were productive forests, which is 
defined as forest land which can produce an average of one cubic 
meter of timber per hectare per year (Skogsstyrelsen, 2013). The 
use and management of forest has a long history in Sweden, with 
big differences between the north and the south parts, which are 
here treated in different sub-sections. 
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Northern Sweden 
Forest development and forest biodiversity is directly related to 
how forests have been managed. For describing the forest 
transformation in the northern parts of Sweden, the Sami areas 
could be a good epitome. The Sami people had adapted to the 
environment thousands of years ago through seasonal movements 
due to resource availability, and reindeer herding was one of the 
methods they developed to utilize natural resources. Forest birds 
and small mammals as well as fish were important Sami diets and 
the inner bark of pine and birch were used as a standard plant 
food (Andersson et al., 2005). During the 17th and 18th centuries, 
new national regulations aimed to cultivate the “wilderness” and to 
promote colonization in these areas. New settlers who came from 
the south established in areas that had access to natural 
pasturelands, hay-producing bogs, as well as fishing-water. In 
order to be self-sufficient, the settlers became farmers, but 
different from the farmers in southern Sweden or in the rest of 
Europe who were mainly cultivating cereals, the settlers were to a 
greater extent breeding and milking cattle, harvesting hay and 
producing meat. Thus, in the northern parts of Sweden, the 
population began to grow as new settlements were established 
(Andersson and Östlund, 2004, Andersson et al., 2005). 
The life style of the Sami people also changed from nomadic to 
combined reindeer herding and farming, probably to a large extent 
due to the loss of fishing and grazing rights. Intensive reindeer 
herding, milking and bark harvesting ceased between the end of 
the 19th century and beginning of the 20th century, after farming 
was introduced (Andersson et al., 2005). In the early 1890s the 
colonization process accelerated due to the increasing demand for 
forestry labour. In the first half of the 20th century, the forest 
industry started using the watercourses for floating timber to the 
Gulf of Bothnia. Local people became increasingly involved, 
especially when state-owned forest companies began to employ 
woodsmen working all year round from the 1950s (Andersson et 
al., 2005). Along with the colonization and forest industrialization 
came changes of the ecosystems in the area. Low altitude areas 
became more intensively used, and deforestation increased due to 
firewood collection and timber felling for construction. Some 
ecosystems were intensively managed and even changed into new 
ecosystems within the settlement area, close to the river systems 
for fishing and wetlands for haymaking. By these changes in use of 
natural resources and ecosystem, a more significant transformation 
of the natural forest started (Andersson et al., 2005). 
Prior to the 19th century, natural forest was spatially extensive in 
northern Sweden (Östlund and Roturier, 2011), natural forest 
being naturally regenerated forest composed of indigenous tree 
species (FAO, 2001). A major part of the forest landscape was less 
used due to the very low population density. Trees were modified 
with the aim of using tree products like bark and wood, for 
marking paths and boundaries, and to produce tar and potash. At 
that time the forest development was mainly formed by natural 
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disturbances, mainly fire (Östlund and Roturier, 2011). The 
dominance of this more or less natural disturbance regime lasted 
until the early logging carried out by the sawmill industry in the 
19th century. This logging was seen by Östlund and Roturier (2011) 
as a “mining” process since the loggers only targeted the most 
valuable and large diameter pines which started to drive the density 
of large and old trees far from natural levels. From the beginning 
of the 20th century, spruce and smaller trees were also used for 
pulpwood (Östlund and Roturier, 2011).  
Forest management gradually started to transform the forests to 
become high-yielding. Clear-cutting was introduced by the end of 
the 19th century in northern Sweden and after that alternated with 
selective cutting (Lundmark et al., 2013). Rational forest 
management in terms of regeneration after logging started by the 
end of the 19th century, but regulations were not implemented at 
that time. The reasons are considered to be that foresters thought 
that the controls and follow-ups of regeneration would be too 
time-consuming and that sowing and planting were considered too 
expensive (Lundmark et al., 2013). Clear-cutting was applied 
largely in state-owned forests, and to minimize the risks of 
deforestation due to the rapidly increasing market for smaller trees 
during the First World War, the parliament adopted a temporary 
law for the protection of young trees. Selective cutting increased 
again from the beginning of the 1920s, much due to the economic 
recession and high cost of regeneration after clear-cutting. In 
relation to this, the Government decided to financially support the 
artificial regeneration in privately owned forests. When the 
economy market recovered before the Second World War, once 
again, clear-cutting became possible (Lundmark et al., 2013). The 
strong expansion of industries at the beginning of the 1940s 
greatly stimulated the market for all kinds of timber. From the 
beginning of the 1940s, clear-cutting rapidly became the 
predominant forest management method and has dominated 
thereafter. In order to use forests in northern Sweden in the most 
economically beneficial way, the forest management became more 
intensive and reconstructive. In the 1950, a circular was issued by 
the National Forest Service which prohibited selective cutting and 
stated that the forests should be restored and that cleared areas 
should be reforested (Lundmark et al., 2013). Herbicides were used 
to remove regenerated deciduous trees during the 1960s and 1970s 
(Andersson and Östlund, 2004, Östlund, 1993, Östlund et al., 
1997). Primary nature conifer forests were gradually replaced by 
even-aged stands.  
A case study in mid-boreal Swedish forest was carried out by 
Linder and Östlund (1998) showed that also before the large scale 
logging was introduced by the late 19th century, the dominant tree 
species in mid-boreal forest were pine and spruce. The most 
common deciduous was birch and there were also scattered aspen.  
Most of the people living in this area prior to the 1900s were 
farmers who were living primarily on cattle husbandry. Forest 
close to the villages was normally used as wood for fuel and 
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fencing, and bark for food and fodder (Linder and Östlund, 1998, 
Lundmark et al., 2013). Farmers from some of the villages also 
sold locally-produced charcoal to blast furnaces and iron works. 
The cattle grazed in the forest, and far from the villages, the forest 
was occasionally burned to improve cattle grazing during summer  
(Linder and Östlund, 1998).  
When large scale logging was introduced in the late 1800s in the 
middle of Sweden, forest commons and state forests were also 
established. Unclaimed forest land was allotted as forest commons 
to landowners in the villages; some were selected to be state 
forests under administration of the National Forest Service. 
Between 1887 and 1895, the forest commons sold logging 
contracts including large timber trees at public auctions. This 
resulted in an almost total loss of large old trees in some areas 
(Linder and Östlund, 1998). As mentioned, in the early 1900s, new 
forest management methods such as clear-cutting, selective cutting 
with regeneration and even-aged stands were introduced. Natural 
regeneration without any soil treatment was the most common 
technique until the 1940s when draining of wetlands and nitrogen 
fertilization was introduced to increase stand productivity (Linder 
and Östlund, 1998). Dead trees were removed from the forests 
since they were seen as a source of dispersal of fungi and insects 
which might attack healthy trees. In the 1960s and 1970s, efforts 
were made to reduce the presence of broadleaved trees in young 
stand by spraying herbicides (Linder and Östlund, 1998). Forest 
standing volume was drastically reduced by the initial large cuttings 
in the late 1800s. Later, the volume gradually increased due to 
intensive silviculture and cessation of animal grazing. The number 
of large trees also decreased, so that the density of large diameter 
trees in the late 20th century only accounted for 10 to 20 % of that 
in the 1880s (Linder and Östlund, 1998). Earlier, large numbers of 
dead standing trees were a characteristic of the natural boreal 
forests in Sweden. For instance, Kohh (1975) showed that there 
may have been 11-13 m3/ha snags in the forests of the middle of 
Sweden in the 1880s, while this number changed to be 8.3 in 1922 
and 0.8 in 1952. These differences between natural forest, 
extensively managed forest and intensively managed forest have 
great implications on the state of today’s forest, not at least on 
forest biodiversity. 

Southern Sweden 
Long before what the forest changes in northern and middle 
Sweden, forests in southern Sweden had already started the 
transformation. Traditional uses of the forests were feeding pigs 
with beech nuts, selective cutting for fuel and potash production 
and pasture for livestock (Brunet et al., 2012, Emanuelsson et al., 
2002). Historical maps indicate that beech may have been the most 
common tree species and that beech forest covered large areas of 
south-western Sweden until the early eighteenth century (Björse  
and Bradshaw, 1998, Brunet et al., 2012). 
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According to Brunet et al., (2012), one type of organized forestry 
was introduced in Sweden by Danish and German foresters in 
1839. These aimed at dense, even-aged and single-layered beech 
stands which could be harvested and regenerated at the stand age 
of 100-140 years. From the mid-eighteenth century the beech 
forest started a period of substantial decline due to the 
introduction of coniferous forest. For example, in the area of 
Skabersjö in Skåne in southern Sweden, coniferous forest 
increased steadily from 1839 until 1981. The largest historical loss 
of beech forest happened between 1960 and 1975, mainly due to 
the increase of Norway spruce. One reason was that Norway 
spruce was easy to manage and was believed to provide a higher 
future income than beech. Another reason was that beech wood 
lost its importance as a heating source during the first decades of 
the 20th century when coal gradually took its place (Brunet et al., 
2012). In recent years, though, a severe storm damaged many 
spruce stands in 1999 and marked the end of Norway spruce 
dominance at Skabersjö. The most recent major increase in forest 
area occurred between 1990 and 1995 when subsidies were 
available for the afforestation of agricultural areas as part of the 
preparation for Sweden to join the European Union. A majority of 
the plantations in this area were broadleaved forest, particularly 
oaks (Brunet et al., 2012).  
In the 1950s Swedish forestry specialists began to advocate forest 
fertilization as a means to increase the yields. Because of their 
initial success, they increased the area under fertilization which by 
the mid-1970s was 190,000 hectares (Lindkvist et al., 2011). The 
Swedish Institute of Experimental Forestry was opened in 
Stockholm already in 1902, aiming at increasing forest growth. A 
practical step was taken by the end of the 1950s when forestry 
companies started experiments with forest management practice 
on large scale. By the early 1960s, forest fertilization was 
established as both practical and economical justified (Lindkvist et 
al., 2011). The authors stated that the reason for the great interest 
in forest fertilization at that time was that forest was seen as a 
bottleneck in the production process when facing the huge 
demand for timber for the reconstruction of Europe after the 
World War II. In this context, nitrogen-based fertilizers were 
scientifically proved to increase the tree growth in an economically 
feasible way. 
In the early 1960s, criticisms towards the use of chemicals started 
showing up. Many were worried that fertilization threatened forest 
birds, while others complained about the pollution of surface and 
ground water. For instance, people were outraged over the 
poisoning of three cows in the summer of 1971 in Värmland 
County. The environmental threats found its way into political and 
scientific agendas as well as into media (Lindkvist et al., 2011). At 
the same time, forest industry representatives carried out a 
propaganda campaign. They contended that forest business 
generated many jobs and large export revenues. The struggle 
continued between forest industries and environmentalists who 
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believed that the ecosystems were not able to deliver utilities 
beyond their natural capability. Scientific support towards stopping 
forest fertilization was growing during the early 1980s (Govt. prop. 
1984/85:127). And during the same time, forest industries’ 
financial state was considered to be weak and timber resources was 
calculated as sufficient even without using fertilizers (Lindkvist et 
al., 2011). More or less related to these circumstances, forest 
fertilization has declined radically since the 1990s. 
In natural forest, fire has been an effective and important factor 
for balancing the forest ecosystems. Forest fires had been a 
recurrent natural disturbance in the boreal forest with a mean 
interval of 67 years in the period of 1400-1850 (Linder and 
Östlund, 1998). The data also indicated that most fires were 
surface fires which mainly killed spruce, deciduous trees and small 
pines, but not larger trees (Linder and Östlund, 1998). When large 
scale logging was introduced in the late 1800s, fire prevention was 
effectively organized which resulted in a sharp decline in forest 
fires within a short period of time (Linder and Östlund, 1998). 
Negative environmental impacts of the new forest management 
have mainly been attributed to the “high efficiency” of the applied 
EAF management regime. In EAF, forests are managed according 
to stand age and age class intervals are determined by the average 
rotation time for the stands. For an average rotation time of more 
than 140 years, 50-year age class intervals were used; otherwise 20-
year age class intervals were used (Hellberg et al., 2009). The 
intensive forest management was aiming at high timber production 
but it had negative impacts for biological diversity. With relatively 
short rotation periods and even-aged management, old, dying and 
dead trees which were seen as not qualified for timber production 
were cleared away. However, old trees are essential for maintaining 
biological diversity. Overall, EAF management, especially when 
applied without mitigation measures, have negative environmental 
impacts which may increase when further biomass extraction may 
be introduced due to increasing demands for bioenergy. 

Forestry and environmental impacts 
The history of Swedish forestry shows that from selective cutting 
of big trees, to clear cutting and then to EAF, forest management 
has mainly been driven by economic concerns (Andersson and 
Östlund, 2004, Andersson et al., 2005, Brunet et al., 2012, Östlund, 
1993, Östlund and Roturier, 2011, Östlund et al., 1997). 
Environment impacts were seldom studied and hardly played any 
role in decision making in earlier phases, but over the last decades, 
environmental concerns have been increasing. The Swedish 
environmental policy has shifted from a “do least harm” emphasis 
on eliminating threats to human health and to fauna and flora 
concerns, into a “do most good” emphasis and to protect the 
environment in terms of what we wish to achieve (SEPA, 2011, 
SEPA, 2012). As mentioned, by the end of the 1990s Sweden 
developed the environmental quality objectives. Firstly, in 1997 the 
government determined fifteen general objectives (Govt. prop. 
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1997/98:145); and several years later one more objective, 
concerning biodiversity, was added (Govt. prop. 2004/05:150) 
(SEPA, 2012). Among these sixteen environmental quality 
objectives, six could be seen as closely relevant to forestry and 
related extraction of forest biomass. The first objective in the 
Govt. prop. 2004/05:150 is “reduced climate impact” which has 
been described earlier in this thesis as a major concern of Swedish 
environmental policy. The other five are “sustainable forests”, 
“natural acidification only”, “a non-toxic environment”, “zero 
eutrophication”, and “a rich diversity of plant and animal life”.  

 Sustainable forests 
Over half of Sweden is covered by forests which have multiple 
functions, including the provision of timber, pulp and biomass for 
bioenergy, as well as other ecosystem services such as outdoor 
recreation, cultural heritage, and provision of habitat for a variety 
of animal and plant species. The environmental quality objective 
“Sustainable Forests” is described as: 
“The value of forests and forest land for biological production must be 
protected, at the same time as biological diversity and cultural heritage and 
recreational assets are safeguarded.” (Govt. prop. 1997/98:145 and 
2004/05:150)  
The environmental quality objective Sustainable Forests have 
several specific aims, so that the physical, chemical, hydrological 
and biological qualities and processes of forest land are to be 
maintained and the ecosystem services of forests should be 
preserved. Natural and cultural heritage values should be 
conserved and forest values for outdoor recreations should be 
maintained. As well, biodiversity is to be preserved, including 
habitats and its connectivity in all natural geographical regions, and 
viable populations of forest species are to be sustained, including 
threatened species. However, according to (SEPA, 2015) it will not 
be possible to achieve this environmental quality objective by 2020 
on the basis of policy instruments currently decided on or planned. 
It should be noted that these ecosystem services and functions 
may not always be compatible with one another, and in the use of 
the forest, there is a risk for goal conflicts (SEPA, 2012). 
The state of the forest environment is affected by the intensity of 
forestry and the methods used, and by the decrease of 
management regimes such as forest grazing, as well as of forest 
fires and other natural disturbances. Also climate change and 
deposition of air pollutants are affecting the forest environment 
(SEPA, 2015). Several negative environmental impacts of the 
forest management can be attributed to the on-going large-scale 
application of EAF management in industrial forestry, even if 
mitigation measures such as forest retention are undertaken. While 
suggestions of further land zoning and mitigation measures are 
made, at the same time the increasing demand for forest biomass 
for bioenergy purposes may imply a further intensification of the 
forestry, with related risks for increasing these impacts. Such 
intensification could involve the use of shorter rotation times, 
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fertilization, exotic fast-growing species and more frequent 
running of heavy machinery in the forest. 
Large-scale use of short rotation times will affect the amount of 
mature and old forest and dead wood in the landscape, which are 
important for biodiversity. Forest residues such as branches, tops 
and stumps, especially of certain broadleaved tree species, may 
constitute habitat for different species and their extraction would 
therefore also impact on biodiversity (de Jong et al., 2014). Large 
extractions of nutrient-rich biomass could lead to acidification and 
spreading of toxic substances, while the use of forest fertilization 
could cause increased eutrophication. In addition, intensification 
of the forestry could affect cultural ecosystem services. These and 
other environmental impacts of forestry need to be taken into 
account simultaneously for a sustainable use of forests. 
To preserve forest environments for multiple ecosystem services 
and biodiversity conservation, and thereby reach the objective of 
“sustainable forests”, several measures are needed. Even if the area 
covered by old forest and protected forest is increasing, the 
conservation status of many forest species is inadequate and many 
of these are threatened. The quality and scope of measures to 
counter loss of habitat and fragmentation must increase, so that 
biodiversity values are sustained on a landscape scale. Initiatives 
are taking place to improve environmental considerations in 
connection with felling. A comprehensive review of instruments is 
required, as is continued protection and increased application of 
forestry methods without clear-felling (SEPA 2015). Nature 
reserves and other forms of protection are essential, combined 
with voluntary set-asides of forest by land-owners (SEPA, 2012). 
Forest areas may also need to be restored and managed in ways 
that enhance their multiple values. For instance, forests with large 
numbers of visitors, such as in peri-urban areas, may need to be 
managed properly to make them more attractive and accessible 
(SEPA, 2012). All in all, to achieve a balance between conserving 
and developing biodiversity and a range of ecosystem services, 
while still remaining competitive as timber and energy resource 
providers, is going to be a big challenge for forest planning and 
management in the future. 

Acidification 
Forestry operations contribute to acidification (SEPA, 2012, IEA, 
2014a), and the growing demand for bioenergy from biomass can 
be expected to increase the extraction of nutrient-rich biomass, 
which will increase the risk for such impacts. Therefore, this may 
cause goal conflicts with the environmental quality objective 
“Natural Acidification Only”, which is formulated as: 
“The acidifying effects of deposition and land use must not exceed the limits 
that can be tolerated by soil and water. In addition, deposition of acidifying 
substances must not increase the rate of corrosion of technical materials located 
in the ground, water main systems, archaeological objects and rock carvings.” 
(Govt. prop. 1997/98:145 and 2004/05:150)  
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During the growth of trees they take away nutrients. By absorbing 
more positively charged cations, such as Ca2+, Mg2+ and K+, they 
release correspondingly positively charged hydrogen cation H+, so 
the soil is thus left acidified. But when the trees eventually die and 
decompose, the process is reversed (Skogsvårdsstyrelsen, 2005). 
Traditional forest practice usually requires removing stems while 
leaving the branches and foliage on the sites because branches and 
tops are richer of nutrients. But today’s increasing demand for 
bioenergy has increased the extraction of biomass not only from 
branches and tops, but even stumps and organic-rich upper soil 
layers (IEA, 2014a). So the removal of biomass during the harvest 
means that the nutrients are not returned to the soil, where they 
could counteract acidification. Modern forestry is therefore 
contributing to a continual loss of nutrients and soil acidification. 
Soil acidification decreases soil quality and thus has negative 
impact on forest production (IEA, 2014a, Skogsvårdsstyrelsen, 
2005). Furthermore, when forests are acidified, toxic aluminium 
ions are also released. They risk leaching out into watercourses and 
lakes and then threaten the whole water ecosystem. With ash 
recycling all nutrients are returned to the forest ecosystem, except 
nitrogen which disappears during incineration. However, there are 
uncertainties about this measure in terms of the scope and time 
aspect of effects, particularly concerning effects on water. For 
ashes to be suitable for recycling, they need to be carefully 
analysed and monitored to contain the required amount of 
nutrients. Ash spreading may increase the risk of nutrients 
leaching, and affect the water system if it happens in a high water 
level area or close to lakes or watercourses. The effects of ash 
recycling following extraction of branches, tops and stumps have 
not been carefully studied. Between 2000 and 2004, branches and 
tops were extracted from about 30 000 hectares annually in 
Sweden, while ashes were spread on only 5 000 hectares. 
According to a report from the Swedish Environmental Protection 
Agency, the mismatch is likely to persist in the future (SEPA, 
2011).  

Toxic substances 
An increased biomass extraction for bioenergy purposes impose 
risks for counteracting the environmental quality objective “A 
Non-Toxic Environment”, which is defined as follows: 
“The occurrence of man-made or extracted substances in the environment must 
not represent a threat to human health or biological diversity. Concentrations of 
non-naturally occurring substances will be close to zero and their impacts on 
human health and on ecosystems will be negligible. Concentrations of naturally 
occurring substances will be close to background levels.” (Govt. prop. 
1997/98:145 and 2004/05:150)  
Forest biomass extraction, which implies a greater frequency of 
disturbance from forest machines on moist, humus-rich soil, 
increases the risk of the formation and spread of methyl mercury 
in forest land, and is therefore a potential risk for the objective of 
A Non-Toxic Environment. Two main problems are methylation 
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of mercury and the risk that contaminated ashes are spread in the 
forest. The risk is likely to increase with any increase of machine 
disturbance on soil for branch and top extraction. In addition, 
stump extraction on moist soils may cause increased transport and 
methylation of mercury due to more soil disturbance. 

Eutrophication 
An increasingly intensive forestry will also increase the risks of not 
reaching the environmental quality objective “Zero 
Eutrophication”, which is defined as: 
“Nutrient levels in soil and water must not be such that they adversely affect 
human health, the conditions for biological diversity or the possibility of varied 
use of land and water.” (Govt. prop. 1997/98:145 and 2004/05:150)  
In the Baltic Sea, eutrophication is one of the most serious marine 
environmental problems (Boesch et al., 2006). Anthropogenic 
input of nitrogen (N) and phosphorous (P) mainly originate from 
run-off of fertilizers. Atmospheric deposition of N from fossil fuel 
combustion is another main source of N loading. Detergents and 
sewage are also important sources of P (Boesch et al., 2006). In 
response to growing concerns about eutrophication, some 
countries began to reduce point sources of P. In the late 1960s, the 
Swedish government supported grants for the building of 
municipal wastewater treatment plants to deal with removal of P in 
sewage. Large subsidies were paid out for reducing lakes and rivers 
eutrophication (SEPA, 2011, Boesch et al., 2006). The changes on 
discharges of organic matter and P have been regarded as quite 
remarkable. However, the reduction in N leaking has not been as 
significant as for P. The reasons are partly due to the relative ease 
of removing P from domestic sewage; the decrease of using P 
mineral fertilizers also contributed to the reduction (Boesch et al., 
2006). In Sweden, the use of P mineral fertilizers increased from 
less than 5 kg/ha in 1930 to approximately 20 kg/ha in the late 
1970s, and decreased to less than 10 kg/ha since 1990. On the 
other hand, the use of N mineral fertilizers increased from less 
than 5 kg/ha in 1930 to almost 80 kg/ha in 1980 and has remained 
relatively constant since then (Boesch et al., 2006). Unlike point 
source pollution control, such as discharge control in sewage 
treatment plants, diffuse pollution occurs when P and N leach into 
surface waters and groundwater as a result of rainfall, soil 
infiltration and surface runoff. Diffuse source pollution normally 
cause wide spread of contaminants, and the discharges are 
relatively difficult to control. The use of fertilizers in agriculture 
and forestry, and atmospheric deposition of nitrogen arising from 
combustion of fossil fuels are typical examples of diffuse sources. 
To increase the extraction of forest fuels, in recent years, interest 
in fertilizing forest lands with nitrogen has increased (Lindkvist et 
al., 2011). Nutrient optimization or the increased practice of other 
fertilizer regimes may apply on the forestry which in turn may 
contribute to eutrophication. Stump harvesting may increase the 
risk of soil erosion and can have impacts on the water courses of 
forested catchments. If eroded soil reaches lakes or seas, both 
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phosphorus and the nitrogen in the soil would contribute to 
eutrophication (IEA, 2014a).  

Changes in biodiversity due to forestry 
Industrial forestry comes with impacts on biodiversity and the 
increased demands for biomass for bioenergy purposes may add to 
these impacts. The significance of these impacts depends to a large 
extent on the intensity and type of forest management that is 
applied as well as land zoning strategies for these on landscape and 
regional scales. In particular, the amount and distribution of 
mature and old trees and dead wood is important.  During the 20th 
century, the density of old conifer trees, here referring to trees 
older than 159 years, in northern Sweden decreased by 69% 
(Andersson and Östlund, 2004). Brunet et al. (2012) showed that 
in southern Sweden, the area of beech forest older than 120 years 
had decreased by 90% since 1839 when new forest management 
regimes were introduced. Meanwhile, when the forest became 
denser, habitat availability for many shade-tolerant forest species 
increased, whereas the habitat for light-demanding grassland and 
light-demanding saproxylic species decreased. As Linder and 
Östlund (1998) stated, the disappearance of natural forest and their 
ecological niches had impaired the survival of species associated 
with old or dead trees. (Berg et al., 1994) estimated that in 1990s 
about 47% of the forest species that were red-listed were 
dependent on snags or lags. Many animal species which were 
dependent on old or dead trees had declined in numbers and in 
their distributions during the 20th century in Sweden (Berg et al., 
1994). In the 1990s, about 40% of the world’s forests still had old-
growth characteristics, but in the whole Sweden the proportion 
was only 3% (Andersson and Östlund, 2004).  
In recent years, related to the increased demand for forest biomass 
for bioenergy and other purposes, interest in intensified forestry 
and increased forest fertilization is again coming forward in 
Sweden. It is closely linked to the desire of promote production of 
both traditional wood and bioenergy production for district 
heating, electricity generation and fuel for vehicles, thereby 
contributing to both economic growth and to global warming 
mitigation (Lindkvist et al., 2011). This will put increasing pressure 
on biodiversity and other forest ecosystem services. Additional 
impacts may emerge from the extraction of branches and tops 
especially from broadleaved tree species, which may increase the 
threat of extinction of some red-listed wood-living species. 
Branches and tops of especially southern broadleaves can host a 
number of red-listed insects and fungi (Hedin et al., 2008, Jonsell 
et al., 2007, Nordén et al., 2004). Extraction of branches and tops 
which should be left on the site for conservational purposes is 
considered to have negative impacts on biodiversity (Gustafsson, 
2004). For example, piles of forest residues can be very attractive 
to egg-laying red-listed beetles. When branches and tops are turned 
into chips and burned, eggs and larvae are then lost (Hedin et al., 
2008). In addition, stumps are habitats of fungi and certain wood-
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dependent insects, especially sun-loving insects (Jonsell et al., 
2007). Extraction of stumps may therefore cause that certain 
habitats disappear which in turn has effects on many species of the 
forest ecosystem (de Jong et al., 2014).  
Thus, forestry has great impacts on biodiversity and therefore the 
environmental quality objective “A Rich Diversity of Plant and 
Animal Life” is highly relevant in this context. It is described as: 
“Biological diversity must be preserved and used sustainably for the benefit of 
present and future generations. Species habitats and ecosystems and their 
functions and processes must be safeguarded. Species must be able to survive in 
long-term viable populations with sufficient genetic variation. Finally, people 
must have access to a good natural and cultural environment rich in biological 
diversity, as a basis for health, quality of life and well-being.” (Govt. prop. 
2004/05:150)  
In June 1992, the European Union signed the Convention of 
Biological Diversity (CBD) at the United Nations Conference on 
Environment and Development in Rio de Janeiro. Three 
objectives of the CBD are “the conservation of biological diversity; the 
sustainable use of its components; and the fair and equitable sharing of the 
benefits arising out of the utilization of genetic resources” (SEPA, 1996). 
The aim is to develop national strategies to conserve and 
sustainable use of biodiversity. In the autumn of 1993, the Swedish 
Government presented a bill entitled Strategy for Biological 
Diversity (Government Bill 1993/94:30). The Bill constituted a 
strategy which stated that environmental objectives should be 
given the same weight and importance as economic considerations 
(SEPA, 1996). Actions to maintain ecological processes and to 
safeguard the long-term survival of species should be holistic in its 
approach. The Swedish Environmental Protection Agency (1994) 
reported on the current situation as regards biodiversity in Sweden 
that formed one of the cornerstones of the biodiversity 
conservation action plans that followed (SEPA, 1996). Some 3500 
species in Sweden are red-listed which account for about 7% of all 
the species in the country. One of the findings is that modern 
agriculture and forestry together are the biggest single cause of 
depletion of biodiversity (SEPA, 1996).  
The Environmental Protection Agency together with the National 
Board of Forestry has been working on providing measurable 
biodiversity objectives of the forest landscape. General variables of 
importance for the biodiversity of the forest landscape that has 
been highlighted are: proportion of old, natural forest; deciduous 
and mixed forest (area and distribution); deciduous elements in 
coniferous forests; existence of key habitats; edge zones by lakes, 
rivers and wetlands; dead wood and fallen tree trunks; 
large-diameter and/or old trees; and deciduous trees (SEPA, 1996). 
To make it workable, the objectives are quantified in the Forestry 
Act such as old natural forest should make up at least a certain 
percentage of the productive forest area. The percentages are 
different regarding the conditions of different regions. Beyond 
restoring of natural forest, actions on creating new nature reserves 
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were also proposed. In 2014, the Swedish government presented 
again a Government Bill entitled “A Swedish strategy for 
biodiversity and ecosystem services” which was accepted by the 
parliament the same year (SEPA, 1996). The Bill presented the 
work on strengthening biodiversity and securing ecosystem 
services such as water purification, production of food and fibres, 
as well as recreation and outdoor activities. 
When it comes to forest policy, seeing the environmental impacts 
of EAF, the forest policy changed during the 1980s and 1990s, and 
legislation and forest-management guidelines in Sweden, Finland 
and Norway were revised to incorporate environmental concerns 
into harvest operations (Gustafsson et al., 2012). According to the 
new forest policy in Sweden, production and environmental 
objectives should have equal weights in the management of the 
forest (Prop. 1992/93:226; SFS 1979:429). Retention forestry 
(Figure 3) was a new forestry concept which intended to integrate 
the conservation of biodiversity. It is an approach of planning, 
managing and harvesting forests with primary focus on the type 
and quantity of forest structures that are left behind after harvest 
(Franklin et al., 1997). Sweden, Finland, and Norway were the first 
European countries to introduce the retention approach. 
Production forests in Sweden started to be managed under 
retention forestry since it was introduced during the 1980s; it is 
now applied in harvest operations on all production forests in the 
country (Gustafsson et al., 2012). Simply speaking, it is a modified 
form of clear-cutting by retaining import elements, such as 
standing dead trees and patches with valuable habitats, during 
harvest (Simonsson et al., 2014).  
One important function of retention forestry is to enrich structural 
diversity in the developing stand by e.g. increasing the amount of 
old living trees and also dead wood (Franklin et al., 1997, Kruys et 
al., 2013). According to Kruys et al. (2013), in 2007 in Sweden, 
dead wood that is left in young forest (0-10 years old) is about 8 
m3 per ha. In older forest with age classes of 61-100 years it is 
about 10 m3 per ha, and 15 m3 per ha in forest more than 100 years 
old, while the number for the forest between 11-60 years old is less 
than 4 m3 per ha. Retained living old trees decreased since the 
1950s until the 1980s when it started to increase. In 2007 the 
number of living old trees reached the level of 1950s with 15 trees 
per hectare (Kruys et al., 2013). Although retention forestry 
practices have become consolidated, the discussion on the quality 
and quantity of the practical implementation is still going on.  
In view of the increasing demands on forest biomass for multiple 
purposes, the current attraction of CCF lies in the selective 
harvesting method to maintain the forest canopy and reduces the 
impact of clear-cutting (Pommerening and Murphy, 2004). From 
an ecological perspective, forests with CCF management regime 
are expected to support species that depend on forest continuity, 
thus may better promote ecological objectives with trade-off of 
lower biomass yields (Kuuluvainen et al., 2012). However, how to 
apply land zoning policies between protected forest areas, more or 
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less intensified EAF and alternative forestry methods such as CCF 
is still debated (SLU, 2013b).  
Although plans and actions are proposed to protect biodiversity, 
intensified forestry partly triggered by bioenergy production still 
may impose a serious threat to biodiversity. Increasing demand on 
bioenergy may imply expansion of intensive silviculture, which 
threatens biodiversity by reducing habitats, changing habitat 
networks and their connectivity. The trade-offs between 
biodiversity and bioenergy will be a major challenge for energy and 
climate policies, and integrated assessment tools are needed. 

 
Figure 3: Example of retention forestry in boreal Sweden 
(Simonsson et al., 2014, with permission). 
 

Methods for integrated sustainability assessment 

What is needed for an integrated sustainability assessment of forest bioenergy 
options? 
A range of policy analysis tools that are designed for analysing the 
energy system with the aim to provide decision support can be 
called energy models. These in general link energy supply and/or 
demand, some to economy and some to certain environmental 
impacts, especially concerning air quality and climate change 
evaluation (Fragkos et al., 2013, Wagner et al., 2013). TIMES is an 
example of an economy related energy model which is used for 
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scenario analysis of local, national or -regional energy systems 
(Loulou and Labriet, 2007). GAINS is an emission related energy 
model which has been used by EU for emission assessment (EC, 
2011b). The Global Biomass Optimization Model (GLOBIOM) 
aims to analyse policy alternatives on global issues concerning land 
use competition between major land-based production sectors. In 
the EU Energy Roadmap 2050, GLOBIOM was used together 
with the G4M model for analysis of wood demand, emissions 
from forest and agricultural land and land use changes (EC, 
2011b). The General equilibrium model (GEM-E3) has been used 
by EU for social impact analysis, specifically concerning 
employment. It computes the equilibrium in the goods and 
services markets and determines separately the supply and demand 
of labour, capital, energy, and other goods (EC, 2011b). 
Many models that simulate different aspects of landscape 
development have been created, for forests as well as for whole 
landscapes and their multiple land uses. Concerning forestry, 
models related to forest management and planning have been 
developed, that can simulate forest growth, calculate yields as well 
as integrate different sustainability indicators (de Bruijn et al., 2014, 
Garman, 2004, Hernandez et al., 2014, Mehta et al., 2004), among 
these biodiversity issues (Chumachenko et al., 2003, Gustafson et 
al., 2006, Haatanen et al., 2014, Lindner et al., 2010, Wikström et 
al., 2011). Another type of models relate to whole landscapes, their 
development and ecological consequences (Deal and 
Pallathucheril, 2009, Eastman, 2012, Hepinstall-Cymerman et al., 
2009, Walz, 2015). In order to simulate forest growth and 
management regimes, as well as to open for different kinds of 
landscape change, flexible models that can combine these 
functions throughout the landscape are needed. 
Simultaneously, models that are designed to address biodiversity, 
ecosystems and landscapes in the relation to e.g. land use change 
have been developed, providing a strong potential for analysing 
these interactions (Gontier et al., 2006, Mörtberg et al., 2007, 
Zetterberg et al., 2010, Alkemade et al., 2009, Moilanen, 2007, 
Segan et al., 2011). Such ecological assessment models have a 
spatial dimension and can therefore localize and quantify impacts 
of land use change, imposed by e.g. renewable energy plantations 
and infrastructure, on biodiversity and ecosystems on landscape 
and regional levels. Among those, models that analyse ecological 
networks based on graph theory have been developed, that can 
address habitat quantity and connectivity in a pragmatic way (Saura 
et al., 2011, Saura and Rubio, 2010, Zetterberg et al., 2010, Urban 
et al., 2009, Dale and Fortin, 2010). These have been used for 
addressing, among other, forest management planning (Saura et al., 
2011). 
Since renewables affect biodiversity and landscapes, interactions 
between these and other sustainability issues needs to be studied 
and assessed. The potential to adequately address these issues can 
be seen as relatively high by using and further developing the 
existing assessment tools. However, these tools need to be 
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integrated with each other in order to enable comprehensive policy 
assessment of renewable energy options.  

Overview of energy related models  
The survey on publications on energy models in the Scopus 
database showed the lop-sidedness of energy-related 
environmental impact analysis (Paper I). As shown in Figure 4, 
energy related models were very much focusing on climate change 
issues compared with other environmental issues. Specifically, 
models addressing interactions between energy and biodiversity 
were scarce.  

Figure 4: Number of energy-model related publications 
found in the Scopus database. 
 
In the next step, the literature search sources were narrowed down 
to two journals, “Energy” and “Energy Policy”, from which the 
results are illustrated in Figure 5. As can be seen, energy model 
based research which is related to biodiversity is very scarce and 
seems to have just started in recent years. Landscapes seem to be a 
little more integrated while land use is increasingly being part of 
the analyses. 

Figure 5: Energy-model related publications found in the two 
energy-related journals Energy and Energy Policy. 
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When combining the results of the reviews it was found that 
currently energy analysis and energy related environmental impact 
analysis are focusing mainly on climate factors. Looking into a 
single model, it could be seen that most of the now-existing energy 
models for policy assessment in one way or another focus on a 
single or a few issues, and on the other hand, the concerns about 
climate change and energy security are spurs for most of the 
models to focus on economy and GHG emission topics. 
According to the literature review, these two issues were 
dominating, while land use and biodiversity issues were largely 
neglected.  
The top impact analysis topics in the EU energy roadmap 2050 
were GHG emission reduction and energy supply, and renewable 
energy has been hotly debated. Renewable energy policies which 
could provide a great contribution to fulfil the climatic and energy 
security commitments might have significant negative 
environmental impacts especially concerning land use and its 
relation to biodiversity and landscapes. Impacts have been 
analysed as reported in the EU energy impact assessment 
documents, but in a quite different sense. GHG emission and 
economy factors were quantitatively evaluated by the help of 
energy models, while other issues were qualitatively analysed or 
roughly mentioned. Biodiversity, landscape and land use cannot be 
considered to be properly addressed although they are closely 
related to renewable energy issues and at the same time they are 
crucial indicators for sustainable development. One of the reasons 
could be the missing support from policy analysis tools and 
research. Such difficulties were revealed when reviewing 
publications on seemingly relevant models.  
Technologies of hubris such as policy assessment tools, which 
intend to facilitate management and control, even in high 
uncertainty areas, were seen by Jasanoff and Jasonoff (2003) to 
have three significant limitations. Firstly, they were considered to 
show a kind of peripheral blindness toward uncertainty and 
ambiguity. Over-focus was put on positive and known 
consequences and short-term risks grasped more attention than 
indeterminate, long-term ones. Secondly, the boundary of analysis 
was carried out by experts so that public review and criticism were 
being locked away. Thirdly, the predictive technologies were 
limited in their capacity to internalize challenges that arose outside 
their initial assumptions. There seems to be a need for cross-
disciplinary cooperation and public participation to amend this 
knowledge limitations and lack of perfect foresight (Jasanoff and 
Jasonoff, 2003).  
Unlike the linking between energy and climate change, models for 
energy system analysis and models for ecological system analysis 
were quite isolated from each other and not very well integrated. 
Thus, to achieve a comprehensive policy assessment, there is a 
great need for an analysis framework and model integration which 
can fully cover crucial environmental factors, especially 
biodiversity, landscape and related land use issues. The 

30 



Modelling the trade-off between forest bioenergy and biodiversity 
 

technologies ought to be transdisciplinary with integrated 
assessment from different aspects. It is better to prevent 
environmental threats before they occur than tinker with remedy 
or risk management, so it should be able to predict possible risks 
along the whole process of using the technologies.  

Trade-offs between bioenergy and biodiversity 
According to the forest growth simulations and calculations, the 
bioenergy feedstock was projected to develop as in Figure 6 (Paper 
II). In the CCF-int scenario, the production would be considerably 
lower than that of the EAF-tot scenario.  

a) EAF-tot residuals (without stumps) b) CCF-int residuals (without stumps) 

  
 
c) EAF-tot stumps d) CCF-int stumps 
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Figure 6: Bioenergy feedstock in the EAF-tot and the CCF-int scenarios 
(2010-2110). 

The ECA of coniferous forest habitats in the CCF-int scenario was 
higher than those in the EAF-tot scenarios (Figure 7). Since no 
clear-cut is allowed in areas under CCF, there will ideally be more 
and more old trees being left which result in that the ECA index 
keeps growing by time, up to a certain limit when the whole area 
available for CCF will be managed in this way. For the assumption 
of “all area under CCF is suitable as habitat”, which means that old 
trees are left throughout, the ECA is much higher than using other 
CCF scenario assumptions. For the second assumption that 50% 
of the forest managed with CCF are suitable as habitat, the ECA 
was lower, while with the assumption that only 25% of the forest 
under CCF management is suitable as habitats, the ECA was much 
lower then that in the first two assumptions. 
Because of the management under EAF, the change of habitat 
would follow the pattern of clear-cutting, regeneration, cleaning, 
thinning, and again clear-cutting. Areas which are suitable for 
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habitat won’t keep increasing as those under CCF management. It 
seemed to be slightly better if the forest is harvested with 5% 
retention (EAF-tot/r). However, since there is a random 
component in the spatial allocation of retention areas, these results 
are highly uncertain. If the retention areas would be arranged to 
support existing habitat patches, they would add more to the 
habitat networks than if they are scattered throughout the 
landscape.  
The size of home range of the model species matters for the 
resulting ECA. As shown in Figure 7, when there were more 
suitable habitat in the landscape, the ECA seemed to be higher if 
the model species  had a larger home range. By contrast, when 
there were less habitat availabe, species with smaller home range 
seemed to easier find available habitat than species which need 
more habitat, so it resulted in higher ECA for species with smaller 
home range. However, since there is also here a random 
component in the spatial allocation of habitat, these results are 
highly uncertain and should be interpreted carefully. Further 
uncertainty analyses would be necessary in order to draw 
conclusions about this.  

Figure 7: ECA of coniferous forest habitats in the EAF-tot 
and CCF-int scenarios (2010-2110). 
 
Southern broadleaved forest is more scarce in the landscape today, 
compared to coniferous forest, with smaller total habitat size and 
lower connectivity, and the ECAs were therefore much smaller 
(Figure 7). The results for southern broadleaved forests (Figure 8) 
tell a similar story as the development of coniferous habitats, when 
it comes to home range size. In each assumption on habitat 
suitability of the CCF areas, the ECA for species with 10 ha home 
range was higher than that of 12.5 ha, and that of 50 ha had the 
lowest ECA. Since there was a lower amount of southern 
broadleaved forest than coniferous forest, species which has lower 
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demand for home range could find more habitat which resulted in 
higher ECA for model species with a small home range. Also for 
these results, the uncertainties were high so they should be 
interpreted carefully.  
The results showed that applying the CCF-int scenario, the forest 
bioenergy feedstock will probably be lower than that of the EAF-
tot scenario, but the habitat networks for both model species 
would be improved significantly. This would be especially so if the 
CCF is applied so that old trees with dead wood are retained 
throughout the landscape, thus constituting suitable habitat. If only 
a minor part of the area under CCF is suitable habitat, such as 
25%, the advantage seems to be much smaller and the spatial 
allocation of the suitable habitat will be more crucial. 

Figure 8: ECA of southern broadleaved forest habitats in the 
EAF-tot and CCF-int scenarios (2010-2110). 
 

Idealization of the ecological network modelling  
The ecological network modelling and calculation of the ECA is 
the most crucial part of my research. For habitat network 
modelling, habitat patches are represented as a set of nodes with 
different size; habitat connections are represented as links of 
different connection probabilities (Figure 9).   

 
Figure 9: ECA model that represents a habitat network. 
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ECA is the index that has been used for habitat network 
assessment, defined as the size of a single habitat patch that would 
provide the same value of the probability of connectivity as the 
actual habitat pattern in the landscape (Saura et al., 2010). The idea 
is based on graph theory which offers powerful tools and 
algorithms for analysing network connectivity and vulnerability in 
many scientific disciplines (Saura et al., 2010).The aim of the 
mathematical modelling of ECA is to quantify habitat network 
properties concerning impacts of patch size together with the 
connectivity, and to simulate the changes of habitat networks, in 
this study over a 100 years period of time. The higher of the ECA 
value, the better quality of the habitat network. 
The real world is of course more complex than the models. Forest 
features are represented with an iconic model – raster maps – and 
in the ECA model, only two properties are involved – patch size 
and connectivity. However, forest habitat networks are definitely 
more complicated than what is shown in the figures, forests are far 
more complicated than the raster maps and habitat networks 
cannot be as simple as several nodes and lines. There are many 
factors that may affect forest habitats: the size of habitat patches in 
the forest, the connectivity between patches, heterogeneity within 
patches and of different trees, climate changes, soil quality, natural 
disasters, human behaviour, and so on. But in order to simplify the 
real complex situation, idealization is needed. Somewhat 
unrealistic, idealising assumptions that were made are: 

1. The soil in the area is of the same quality. 
2. The climate is uniform across the area. 
3. Trees in the same stand are initially homogeneous in all features. 
4. No natural disturbance will happen in the area. 
5. No disturbance from human activities will happen in the area. 

Soil qualities and climate are indeed different in different location 
of a forest, such as areas close to waters have different moisture 
and fertility compare with dryer areas. These factors have impacts 
on growth of trees and make habitats different with respect to 
available organic resources for different species. But this property 
fell outside of the research scope because we currently do not have 
the relevant data. However, these two assumptions could be de-
idealised later on to improve the realism of the model, when 
relevant research is improved. Trees in the same stand may have 
different features in reality due to different microenvironments. 
But the differences were neglected in the current simulations. In 
particular, improved data on habitat properties such as amount of 
old trees and dead wood, moisture and fertility gradients, as well as 
its relation to long-term survival of populations of different species 
on a landscape level, would be most useful.  
Natural disturbances such as fire or snowstorm could temporary 
damage habitats. However, we assume that this property is out of 
the domain of the model because it is hard to predict when they 
are likely to happen and our research is based on time scale of the 

34 



Modelling the trade-off between forest bioenergy and biodiversity 
 

future 100 years with 5 year time steps. It may be too complicate 
to construct the model with the stochastic character of natural 
disturbances. This subject is actually a comprehensive issue that 
has been widely studied (Thom and Seidl, 2015, Börger and 
Nudds, 2014, Nguon and Kulakowski, 2013). Human activities 
also impact habitats. But since the dominating human activity – 
forest management – has already being accounted for in the 
simulations, and represented with raster maps, other activities were 
neglected in the current study.  
The list of idealizations ensures that many properties which 
matters in real forest habitats will not matter in the modelling. The 
equation (Eq. 2) is realistic only if the real world would have the 
same properties as is shown in Figure 9. So it should be born in 
mind that the ECA habitat network model, which is constructed 
based on the two properties of habitats, is an idealized model 
which represents an idealised forest habitat network.  
In sum, due to these more or less unrealistic assumptions, it could 
always be claimed that the models are not a true description of the 
situation. It could be argued that the models represented by the 
raster datasets and the ECA conceptual model are not true in 
reality, but the ECA model is a good representation of the habitat 
network integrity related to only patch size and connectivity but no 
other factors. The models still gives a good overview of important 
impacts of forest harvest patterns on habitat network changes. 
They are applicable when only patch size and spatial distribution 
are considered. To pursue the “whole truth” of habitat networks 
may even not be desired, since it may render models that are too 
complicated or even utterly useless.  

Integrated sustainability assessment of  forest management options 
Thus, there are of course shortcomings in the landscape 
simulation, bioenergy feedstock estimation and biodiversity impact 
assessment which need to be improved. In addition, to arrive at an 
integrated sustainability assessment, more other forest ecosystem 
services should be involved besides bioenergy and biodiversity.  
In this study a simple but rather versatile tool for illustrating the 
possible development of a landscape under different management 
strategies was presented and introduced (Paper II). Of course there 
were shortcomings in the present application. For instance, the 
growth-model in the present application was probably 
overestimating the increment in the area and the management 
programs used were probably not fully realistic. However, very few 
of the optional models, if any, could work on an area-covering 
basis. Since our system was based on the kNN/SMD data set, it 
could be used for arbitrary areas in Sweden.  
In addition, there are limitations in the applied expansion 
functions which might affect the bioenergy feedstock calculations. 
For instance, the functions for predicting the expansion from stem 
volume into dry weight of each tree component by Lehtonen et al. 
(2004) were developed using data from pine and spruce stands in 
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Finland between 10 and 150 years of age with stem wood volumes 
less than 250 m3/ha, and from broadleaved stands between 10 and 
100 years of age and with stem wood volume less than 200 m3/ha. 
Therefore, there might be a bias to the biomass estimation in 
younger trees and in areas which have higher stem wood volume. 
Furthermore, the applied modelling framework did not yet 
account for the more detailed implications that the particular 
bioenergy-purpose biomass extraction, the forest residues, would 
have on ecological networks and forest biodiversity. In order to 
improve biodiversity assessments, it would be interesting to 
integrate quantification and localisation of the forest residues, 
either harvested or left in the forest. Another important step 
would be to quantify the amount of dead wood that is generated 
by different management regimes. It is possible that for instance 
CCF can be developed in different directions, taking more or less 
account of this and other factors that are important for 
biodiversity conservation. 
A strong side of our approach was that we could indeed illustrate 
the trade-offs between the different dimensions focused by various 
potential interest groups. This study applied a quantitative 
prediction tool for biodiversity assessment in terms of habitat 
network changes on a landscape level. The linking of this tool with 
scenario simulations can thereby be considered to fill a gap as 
pointed by Gontier et al. (2006) that the biodiversity assessment 
remained on a descriptive level due to lack of quantitative ready-
to-use methodologies. However, some factors have not been 
included in the model, such as the impact from harvesting road 
system. Habitat network analysis is only one part of biodiversity 
assessment. Field data on long-term species distribution and 
occurrences may help with knowledge on different species’ 
demands on the landscape and with the overall accuracy of the 
biodiversity assessment. 

Concluding remarks and future research 
In Paper II we showed a theoretical approach for how to link 
forest development with the change of habitat networks. From the 
results one can see that different forest management strategies 
would have different impacts on long-term potential biomass 
extraction and biodiversity; and that the impacts change over time. 
The method has great potential for evaluation of impacts of 
different alternative plans for land zoning and forest managements 
on bioenergy and biodiversity. It can help to find the best 
solutions among alternatives by comparing different strategies, but 
may not be efficient to find a best design only from theoretical 
ideas. The design problem can be addressed through optimisation, 
which can be useful for forest planning. We can also conclude that 
the impact analysis of forest management planning on biodiversity 
was restricted by the development of fundamental knowledge such 
as model species selection and definition of habitat suitability and 
home range size. Along with improvements in related research, in 
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the future, a more percise and optimized method which can deal 
with complicated multi-objecte forest planning is in expecting. 
The multiple functions of forests of providing different ecosystem 
services rather than only biomass production is getting more and 
more attention. The pressure on management plans to meet 
various economical, ecological, socal and environmental 
requirments is increasing. Since different ecosystem services may 
compete or compliment with each other,  it is hard to foresee the 
trade-offs and synergies. Another uncertainty concerns the spatial 
dimension of the forest planning. Where, when and how much to 
harvest have great impact on the shape and connectivity of wildlife 
habitats. A problem is that different land-owners may have 
different size and amount of valuable habitat on their land. If they 
take responsibility for their part, the economic draw-backs may be 
substantial and most probably unequally shared between land-
onwers. Apart from that, technology has developed to optimize 
spatial planning of forestry, such as mathematical optimization 
techniques, simulation techniques and meta-heuristic techniques, 
but they all have advantages and disadvantages. A flexible and 
efficient method is still missing. The complexity of integrating the 
multiple objectives of forestry in land zoning and planning of 
forest management make it a difficult issue for decision-makers.  
Forests provide more services than as resource for timber, pulp 
and energy supply and a strategy for climate change mitigation. 
More importantly, they constitute habitat for forest species and 
recreation areas for humans. To achieve a sustainable forest 
management, the ecosystem services and biodiversity values of a 
forest should be fully considered and equally treated. From our 
research, concurrent energy-related models seem very well 
developed regarding the economic benefits and climate change 
mitigation factors. As forests are viewed as one of the renewable 
energy resources to replace fossil fuels, the possible threats to 
biodiversity, recreation and other ecosystem services are largely 
neglected by the currently used energy-related models. We 
attempted in our research to show that models for evaluating 
different ecosystem services can be linked together to do 
comprehensive and integrated analyses for sustainable land zoning 
strategies and planning of forest management.   
Future efforts will be put on trade-offs analysis among other forest 
ecosystem services and optimize forest planning to get maximum 
bioenergy production and industrial wood production with 
minimum impacts on other forest ecosystem services, such as 
biodiversity, carbon storage and outdoor activities. 
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